A novel approach was used to evaluate the distribution of sperm in the oviduct of turkey hens inseminated before or after the onset of egg production. Prior to insemination, sperm were stained with the nuclear fluorescent stain bsbenzimide. Sperm distribution in the sperm storage tubules (SST) of the uterovaginal junction and the infundibular tubular glands was determined by use of simultaneous differential interference contrast and fluorescence microscopy. In hens inseminated and examined prior to the onset of egg production, 94% of the SST contained sperm (21% were filled). In contrast, in hens inseminated initially before the onset of egg production and examined after the onset of lay, only 73% of the SST contained sperm (5% were filled); and in hens inseminated initially after the onset of lay and then examined, 78% of the SST contained sperm (4% were filled). Sperm were sparsely distributed in the infundibular tubular glands. Therefore, lower percentages of filled SST were associated with the onset of egg production, an indication that the sperm storage capacity of the SST is diminished with the onset and continuation of egg production. Physical events associated with the daily ovulatory cycle, such as rotation of the egg mass during shell formation, may both displace sperm residing in the SST and diminish the efficacy of sperm entry into the SST.
INTRODUCTION
The commercial turkey industry relies exclusively on artificial insemination (AI) for the production of fertile eggs (for review see Bakst [1] ). Typically, semen is collected, diluted, and inseminated either fresh (less than 1 h after collection) or after storage (no more than 8 h). Hens are initially inseminated with about 200 million sperm about 14-16 days after the onset of photostimulation (light is boosted from 6 to 14 h) to assure maximal filling of the sperm storage tubules (SST) just prior to the onset of egg production. Once in egg production, hens are inseminated weekly in order to maintain a population of sperm within the SST. While the hen is in egg production, resident sperm are slowly but continuously released from the SST to assure an adequate population at the site of fertilization in the anterior end of the oviduct, the infundibulum. It is this capacity of the hen to store sperm in, and release sperm from, the SST which permits the fertilization of a daily succession of ova over several days to weeks in the absence of a mechanism that synchronizes ovulation with copulation [1] [2] [3] .
Previous investigators estimated the sperm storage capacity of the SST by examining histological sections of the uterovaginal junction (UVJ) and categorizing the sperm distribution within individual SST cross-sections by labeling them either as full, partially full, or empty [4] [5] [6] , or as with or without sperm [7] (Fig. 1 ). While this method provided some insight into sperm distribution within the SST, given their length (as long as 250 lim) and serpentine configuration, it was not only likely but highly probable that dif- ferent cross-sections of the same SST were scored differently within single sections. Furthermore, since serial sections of the UVJ and distal infundibulum were not assessed, the examination of single sections of histological preparations failed to adequately reveal the spatial distribution of sperm within the SST. Likewise, because of the relatively low numbers of sperm residing in the turkey infundibular tubular glands, sperm were rarely observed in histological sections (Fig. 2) .
The use of differential interference contrast (DIC) microscopy in the examination of unfixed, squash preparations of UVJ mucosa containing SST permits visual access to the whole SST including the lumen [3, 8] . In an examination of an individual SST through a series of focal planes (optical sectioning), single as well as clusters of sperm can be observed residing within the SST lumen. However, visualization of the SST lumen is impaired if the squash preparation is too thick or if the SST epithelial cells are heavily laden with lipid. When sperm stained with the fluorescent nuclear stain bsbenzimide (Hoechst 33342) were inseminated, sperm residing within the oviducal sperm storage sites were relatively easy to locate in the squash preparations examined by dual DIC and fluorescence microscopy. The current study used these new techniques to reevaluate the distribution of sperm in the SST and infundibular tubular glands.
MATERIALS AND METHODS

Hen Groups, Sperm Staining, and Al
A total of 52 commercial-strain turkey breeder hens were used in this study. Hens were caged individually in a controlled-environment facility and provided feed and water ad libitum. At 30 wk of age, the photoperiod was increased from 6 h to 14 h of light (lights-on: 0300-1700 h). Males of the same commercial strain were maintained in pens and provided feed and water ad libitum. At 26 wk of age the photoperiod was increased from 6 h to 14 h of light (lights-on: 0300-1700 h). Semen was manually collected from all males at least twice before the semen was used for Al.
For each Al, semen was manually collected from a minimum of 10 males, pooled, and diluted 1:1 with Beltsville Poultry Semen Extender (Tri Bio Laboratories, State College, PA.). The diluted semen was then diluted again with an equal volume of semen diluent containing 120 ptg bisbenzimide (Hoechst 33342; Sigma, St. Louis, MO) per ml diluent and placed on a rotary shaker (150 rpm) for 2 h at room temperature. (Preliminary trials indicated that 60 pzg bisbenzimide per ml of diluted semen incubated as described above resulted in optimal staining of the sperm with minimal effect on sperm quality.)
Pre-lay hens were inseminated initially twice before the onset of egg production, Days 14 and 15 after the onset of photostimulation, and weekly thereafter with about 100 x 106 stained sperm per insemination. Post-lay hens were inseminated twice in their first week of egg production and weekly thereafter with 100 x 106 stained sperm.
A fertility trial was conducted to determine the effect of the bisbenzimide on sperm fecundity. Hens used in the fertility trial, which was conducted over the first 4 wk of egg production, were inseminated as described above for "prelay hens" with either bsbenzimide-stained or unstained sperm. Eggs were collected daily, set in an incubator weekly, and candied for fertility after 10 days incubation.
Oviduct Preparation and Examination
Preparation of the SST for microscopy has been described in detail elsewhere [8] . At least 100 SST were evaluated in each of two mucosal folds representing the opposite sides of the UVJ. Sperm storage tubules were scored "filled" when sperm heads were densely distributed throughout the length of the SST. "Partially filled" SST possessed one or more sperm.
Preparation of the infundibular tubular glands first required the isolation of the infundibulum including the proximal 1 cm of the magnum. This was cut longitudinally, and the cut edges were pulled apart to fully expose the mucosal folds. With use of fine scissors and forceps and beginning in the anterior border of the magnum (here defined as that part of the mucosal fold clearly identified as magnal tissue), individual mucosal folds were isolated (without the underlying muscularis) and transferred to a Petri dish containing cold Hanks' Balanced Salt Solution. Folds were scanned by a stereoscope, and that part of the fold (2-4 mm long) containing single and small clusters of tubular glands was isolated and prepared for DIC in the manner identical to the UVJ folds. At least 50 microscope fields containing one or more tubular glands were evaluated in each of two folds representing the opposite sides of the infundibular lumen. Histological sections were prepared according to the methods provided elsewhere [9] .
Statistical Analysis
To normalize variation in the statistical analyses, the percentages of filled, partially filled, and empty SST were subject to arc sine transformation and analyzed by the general linear model procedure of the Statistical Analysis System [10] . Means were separated by use of LS Means. Differences in mean candling fertility and hatch of fertile egg values were tested by the Student's t-test.
RESULTS
Bisbenzimide-Stained Sperm
Bisbenzimide readily stained the sperm nucleus. When examined within 30 sec of mixing the bisbenzimide with the diluted semen, about 5-10% of the sperm fluoresced intensely. Since these highly fluorescent sperm were immotile, it is assumed that their plasma and nuclear membranes were in a state of degeneration and that the sperm were dead before the addition of the stain. With motile sperm, bisbenzimide first stained the distal and then the proximal end of the nucleus. Over the 2-h incubation, staining increased in intensity and progressed toward the middle of the sperm nucleus. Visual observations showed that bisbenzimide had no obvious effect on sperm motility. Egg fertility and hatchability (a measure of embryonic mortality) was depressed as a result of inseminating bisbenzimidestained sperm (Table 1) .
Bisbenzimide-Stained Sperm in SST
When squash preparations of UVJ containing SST were examined by use of dual DIC and fluorescence microscopy, nearly all resident sperm fluoresced (Fig. 3) . The intensity of sperm fluorescence varied with the density distribution of sperm in individual SST, the lipid composition of the SST epithelium (supranuclear lipid quenched the sperm fluorescence), the loose connective tissue cell density in the UVJ mucosa, and the thickness of the squash preparation. Optimal visualization of fluorescent sperm within the SST sometimes necessitated reducing (or eliminating) the light intensity for the DIC such that those SST without resident sperm were just discernible for scoring purposes (Fig.  4) . The spatial distribution of stained sperm residing in the 'Percentages were determined by evaluating at least 100 SST on each of two separate mucosal folds of uterovaginal junction mucosa. Means (nontransformed data) with different superscripts (based on analysis of arc sine transformed data) differ significantly (p < 0.05).
SST did not vary from that previously described for unstained sperm [8] . Table 2 shows that 94% (21% filled and 73% partially filled) of the SST in hens inseminated and examined before the onset of egg production (group 1) contained sperm. In contrast, only 73% (5% filled and 68% partially filled) of the SST in hens inseminated before the onset of egg production and examined after the onset of egg production (group 2) possessed sperm. The percentage of SST in hens inseminated after the onset of egg production containing sperm (group 3) was 78% (4% filled and 74% partially filled). The percentages of partially filled SST were similar among the three groups. However, the percentage of filled SST in group 1 was significantly greater than that observed in groups 2 and 3. Likewise, the percentage of empty SST in group 1 was significantly less than that observed in groups 2 and 3.
Infundibular Tubular Glands
Tubular glands were first discernible in the infundibular mucosa about 4 cm from the transitional zone between the distal infundibulum and the proximal magnum. Here, invaginations of the surface epithelium formed discrete tubular gland-like structures (Fig. 5) . These cells were nonciliated, and some possessed secretory granules in their apical cytoplasm. Progressing toward the transition zone between the infundibulum and magnum, tubular glands became more densely distributed and complex in structure. Multiple rounded and/or elongated branches formed from a single invagination (Fig. 6 ). There was no collecting duct. The supranuclear cytoplasm of the secretory epithelium was characterized by a dense array of secretory granules. Nuclei were visible in the basal aspect of these epithelial cells.
The abundance of secretory material in the infundibular tubular gland epithelium and the sparse distribution of sperm, which when present rarely exceeded two sperm in a single gland (see Table 2 ), together made it difficult to visualize resident sperm by means of dual DIC and fluorescence microscopy (Fig. 6) . For better observation of sperm, squash preparations were examined with the DIC analyzer removed (Fig. 7) . This permitted the image of the gland to be observed without the secretory granule component occluding its lumen.
DISCUSSION
The usefulness of direct comparisons with previous studies using a histological approach to evaluate the rate of SST filling by sperm is questionable primarily because of the different procedures used to derive the data (see Introduction). Furthermore, hens used in the present study, compared to the hens used in the studies cited below, were the product of several generations of successful selection for increased body weight. While the commercial turkey industry has realized and continues to realize economic benefits with heavier turkeys, increased body weight has been cited as an explanation for increasingly poor reproductive performance of breeder turkeys [11] . This may be reflected in reduced oviducal sperm storage capacity.
Notwithstanding the above, the observations presented in the present study indicate that previous investigators assessing sperm distribution in histological sections of turkey SST generally underestimated the percentage of SST containing sperm. The highest estimates of SST containing any sperm reported by Verma and Cherms [12] and Van Krey et al. [4] were 57% and 42%, respectively. Although the time of insemination relative to egg production was not provided by Van Krey et al. [4] , Verma and Cherms [12] inseminated hens already in egg production. This is noteworthy considering the differences in sperm numbers in the oviduct between hens inseminated either before or after the onset of egg production seen in this study and by others [13] .
McIntyre and Christensen [5] were the first to examine the possibility of differential filling rates of SST in turkey hens inseminated before or after the onset of egg production. Their analyses of histological sections revealed significantly greater percentages of SST with sperm in hens inseminated before the onset of egg production (22% filled, 50% partially filled, and 28% empty) than in those inseminated after the onset of egg production (16% filled, 39% partially filled, and 46% empty).
Observations made in the present study confirm the same trend in differential filling rates of the SST. However, in the present study, the percentages of empty SST were lower and the percentages of partially filled SST higher than those observed by McIntyre and Christensen [5] . An additional comparison of the two studies shows that while the percentages of filled SST were nearly identical in hen groups inseminated before the onset of egg production, the percentage of filled SST found by McIntyre and Christensen [5] when hens were inseminated after the onset of egg production was far greater than that observed in the present study.
The depressing effect of bisbenzimide on hen fertility and egg hatchability was not reflected in the sperm distribution and filling rates of the SST. This is evident from the discussion in the previous paragraph. Furthermore, when visually evaluated prior to insemination, bisbenzimide-stained sperm motility is excellent. It is possible that the stain perturbs the sperm in a subtle manner that is reflected only in the depression of hen fertility and egg hatchability. Nevertheless, the magnitude of the depression was not such that it would preclude the use of bisbenzimide-stained sperm in further studies.
Sperm release from the SST has been proposed to be either associated with oviposition and/or ovulation [6] or to proceed as a slow but continuous process [2, 14, 15] . In the present study, the decrease in the percentage of filled SST and the increase in the percentage of empty SST observed between groups 1 and 2 indicate that the sperm storage capacity of the SST is profoundly diminished after the onset of egg production. These observations, coupled with observations regarding the presence of sperm in oviducal segments throughout the 26-h ovulatory cycle [2, 16] , indicate that physiological events associated with the ovulatory cycle, particularly during the 20-22-h period during which the egg mass resides in the uterus (also referred to as the shell gland), appear to affect the release of sperm residing in the SST. The persistent distention of the uterus due to the presence of the egg mass coupled with the rotation of the uterine egg mass during its residence may contribute to the displacement of sperm located in the more superficial parts of the SST.
In addition to possessing a higher number of sperm in their SST than do hens inseminated initially after the onset of egg production [133, hens inseminated initially before the onset of egg production possess a higher percentage of filled SST. The 16% difference in the percentages of filled SST between groups 1 and 2 highlights an inability of the hen in egg production to transport and store sperm from each weekly insemination as efficiently as before the onset of egg production. This inefficiency could be due to either reduced oviducal sperm transport and/or SST storage capacity or fewer functional SST [17] or, more broadly, linked to events associated with the daily ovulatory cycle of the hen [18] . For example, the proposed mechanism of sperm displacement from the SST (described above), may keep sperm entry into the SST at lower than optimal levels.
The low numbers of sperm observed in the infundibular tubular glands in each of the three groups are difficult to explain given that relatively high numbers of sperm, an average of nearly 45 000 sperm per infundibulum, were recovered from flushings of the segment [2] . Possibly additional sperm were present in that part of the transition region at the infundibulum/magnum junction, where the tubular glands were too large and densely packed for sperm to be visualized by the DIC/fluorescence microscopy procedure. Fujii and Tamura [19] noted the presence of sperm in the tubular glands obtained from the proximal end of the chicken magnum.
In preliminary work with use of bisbenzimide-stained sperm, two hens were inseminated immediately after oviposition. Since there is an interval of about 30-60 min be-tween oviposition and ovulation, the transport of sperm should not be influenced by the presence of an egg mass in the oviduct. When the infundibular tubular glands were examined 2 h later, the tubular glands of both hens were engorged with sperm, indicating that a rapid sperm transport mechanism exists in the turkey oviduct. The rapid transport of a vanguard population of sperm, which bypasses the UVJ and fertilizes the ovum within 15-30 min of insemination, has been reported to exist in the chicken [20] . In contrast, if hens are inseminated just before the onset of egg production, as with the group 1 hens in this study, sperm do not accrue in the infundibulum in appreciable numbers, in spite of the absence of an egg mass in the oviduct.
The presence of bundles of sperm in the infundibular tubular glands after the hens were inseminated immediately after oviposition also explains the observed clusters of several dozen sperm occasionally observed on the perivitelline layer of laid eggs (Brillard, Wishart, Bakst, personal observations). Upon subsequent ovulations, distention of the infundibular mucosa and the release of secretory material from the tubular gland epithelial cells would result in the release of bundles of sperm, which in turn would be deposited to some localized region on the perivitelline layer. If such a bundle of sperm is deposited on the perivitelline layer overlying the blastodisc, an excessive number of sperm will enter the blastodisc, thereby contributing to the possibility of early embryonic mortality. High embryonic mortality, possibly stemming from pathological polyspermy, is also a consequence of intramagnal insemination, a surgical procedure in which sperm are deposited directly into the magnum. Sperm subsequently engorge the infundibular glands in the manner described above [21] .
While of limited usefulness for the poultry breeder interested in obtaining the maximum number of live poults or chicks, knowledge of this "window" in the ovulatory cycle, that period when the oviduct is empty and sperm may bypass the UVJ, has potential application to those investigating the use of sperm as vectors of foreign DNA for introduction into the ovum. Inseminating immediately after oviposition will result in a large population of fresh sperm that bypass the SST and reach the site of fertilization minutes before ovulation. The plasmalemma of sperm residing in the SST may be subject to perturbations that could affect the adsorbed DNA.
To conclude, the new approaches used to evaluate the distribution of sperm in the oviducal sperm storage sites revealed that previous investigators had underestimated the sperm content of these areas. Furthermore, although bisbenzimide-stained sperm have a depressing effect on hen fertility, the loss is not of the magnitude to preclude using such stained sperm to investigate events associated with oviducal sperm storage and the fertilization process.
